Oxidative stress contributes to neuronal death in the brain, and neuronal death can cause aging or neurodegenerative disease. Heme oxygenase 1 (HO-1) serves a vital role in the regulation of biological reactions, including oxidative stress associated with reactive oxygen species. In the present study, acerogenin C isolated from the Aceraceae plant Acer nikoense, which is used as a Japanese folk medicine for hepatic disorders and eye diseases. However, there have been no studies on the mechanisms underlying the antineurodegenerative biological activities of acerogenin C. In the present study, acerogenin C demonstrated neuroprotective action against glutamate-induced cell death in hippocampal HT22 cells through the upregulation of HO-1 expression. These effects were also associated with nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2) and the activation of phosphoinositide 3-kinase/protein kinase B. Taken together of the efficacy researches, this study determines that the Nrf2/HO-1 pathways denotes a biological mark and that acerogenin C might contribute to prevention of neurodegenerative disorders.
Introduction
Neuronal death in the brain can cause Alzheimer's disease (AD), which is the most common irreparable and progressive neurodegenerative disease. In the human brain, increased oxidative stress associated with reactive oxygen species (ROS) can cause disorders of the central nervous system. In addition, oxidative stress is associated with diverse neurodegenerative diseases resulting in neurodegenerative processes (1, 2) . The most important ROS, superoxide and hydroxyl radicals, can cause oxidative stress to molecular organisms. Oxidative stress-associated apoptotic action is connected to neuronal cell death and critical neuronal disorders, including ischemia. A well-known neuronal transmitter, glutamate, is unduly released during neuroinflammation (3) . The irregular discharge of glutamate into the extracellular area inhibits the cysteine/glutamate antiporter, which transports cysteine into the cytoplasm while removing glutamate from the cells. This subsequently suppresses glutathione biosynthesis and can cause the increases in ROS (4) . In addition, nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE) serve a key role against cellular oxidative stress (5). Nrf2/ARE also activates downstream signaling through inducible antioxidant enzymes, including heme oxygenase 1 (HO-1) and reduced nicotinamide-adenine dinucleotide phosphate dehydrogenase [quinone] 1 (6) . Among these enzymes, HO-1 is recognized to be a protective gene against oxidative stress, which catalyzes the metabolism of heme to yield carbon monoxide, bilirubin/biliverdin and iron (7) . HO-1 is a stress-responsive enzyme generated by the stimulation of heat shocks, oxidants and heavy metals. HO-1 serves vital roles in the prevention of oxidative stress and inflammation in cells (8) . In HT22 cells, HO-1 exhibits a protective action against glutamate-associated neurotoxicity (9, 10) .
The Aceraceae plant Acer nikoense (commonly known as Nikko maple or megusurinoki in Japanese) is indigenous to Japan and the stem bark of A. nikoense is used in Japanese folk medicine for the treatment of hepatic sicknesses and eye diseases (11) . Furthermore, the stem bark of A. nikoense is ingested as a health food in Japan (12) . Various diarylheptanoids and multiple types of phenolic compounds have been identified from the stem bark (13) , and tannin, coumarins, lignans, triterpenes, flavonoids and sterols have been characterized in the leaves and wood of A. nikoense (14) . In addition, a number of bioactivities in A. nikoense extracts have been reported, Acerogenin C from Acer nikoense exhibits a neuroprotective effect in mouse hippocampal HT22 cell lines through the upregulation of Nrf-2/HO-1 signaling pathways including inhibition of the Na + -glucose cotransporter (15), inhibition of nitric oxide production (16), anti-oxidant (17), anti-inflammatory effects (18) , hepatoprotective effects (19) and stimulating osteoblast differentiation (20) . Acerogenin C was isolated from A. nikoense, and previous studies have determined the estrogenic and antiproliferative activities of acerogenin C (21, 22) . However, there have been no studies on the mechanisms underlying the antineurodegenerative actions of acerogenin C. In the present study, the neuroprotective effects of acerogenin C on glutamate-stimulated toxicity in HT22 mouse hippocampal cells through Nrf2-associated HO-1 expression were investigated.
Materials and methods

Chemicals and reagents. Acerogenin C was isolated from
A. nikoense as previously described (10 6 cells/dish) were cultured in Dulbecco's modified Eagle's medium containing streptomycin (100 µg/ml), 10% fetal bovine serum (FBS), and penicillin G (100 U/ml) at 37˚C in an atmosphere containing 5% CO 2 and 95% air.
HT22 cell viability assays. HT22 cells were maintained at 2x10 4 cells/well and treated with acerogenin C (1, 10, 20, 40 and 50 µM) for 48 h. Alternatively, HT22 cells were pretreated with acerogenin C (10, 20 and 40 µM) or trolox (50 µM) for 12 h, and then treated with glutamate (5 mM) for 12 h. In addition, HT22 cells were treated with acerogenin C (30 µM) in the presence or absence of 50 µM tin protoporphyrin XI (SnPP), (HO)-1 siRNA, or 10 µM LY294002, and then exposed to glutamate (5 mM) for 12 h. All incubations were performed at 37˚C and 5% CO 2 . Following incubation, the cell culture medium was removed from each well and replaced with fresh medium. Cells were incubated with 0.5 mg/ml MTT for 1 h and the formed formazan crystals were dissolved in 150 µl 99.7% dimethyl sulfoxide. Optical density was measured at a wavelength of 590 nm on a microplate reader (Bio-Rad, Hercules, CA, USA). Following the washing of cells with PBS, they were lysed using Tris-HCl buffer (20 mM; pH 7.4) supplemented with a protease inhibitor mixture containing chymostatin (1 mg/ml), aprotinin (5 mg/ml), pepstatin A (5 mg/ml) and phenylmethylsulfonyl fluoride (0.1 mM). Equal amounts of protein were resolved using SDS-PAGE and transferred to a Hybond-enhanced chemiluminescence nitrocellulose membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membrane was blocked with 5% skimmed milk at room temperature for 1 h, and then incubated with anti-HO-1, anti-Nrf2, anti-p-Akt, anti-Akt, anti-PCNA, or anti-β-actin antibodies (all of which were used at a 1:1,000) at 4˚C overnight. The membrane was subsequently incubated with horseradish peroxidase-conjugated anti-goat (catalog no. ap106p; 1:1,000), rabbit (catalog no. ap132p; 1:1,000) and mouse (catalog no. ap160p; 1:1,000) secondary antibodies, obtained from EMD Millipore, followed by Enhanced Chemiluminescence (GE Healthcare, Chicago, IL, USA) detection substrate. Secondary antibodies were diluted in 3% skimmed milk in TBST buffer. The bands were quantified by densitometry (ImageJ software version 1.47; National Institutes of Health, Bethesda, MD, USA). Nuclear and cytoplasmic extracts of cells were prepared using NE-PER reagents, as per the manufacturer's protocol (Thermo Fisher Scientific, Inc.).
Transfection. Lipofectamine 2000™ (Invitrogen; Thermo Fisher Scientific, Inc.) containing Opti-MEM without FBS were used to temporarily transfect HT22 cells with 50 nM HO-1 siRNA (catalog no. sc-35554) and Nrf2 siRNA (catalog no. sc-37030) (both from Santa Cruz Biotechnology, Inc.) for 6 h. The cell culture medium was replaced with fresh medium with 10% FBS.
Reverse transcription-quantitative polymerase chain reaction. Total RNA was isolated from the cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and quantified spectrophotometrically at 260 nm (ND-1000; Thermo Fisher Scientific, Inc.), Total RNA (1 µg) was reverse-transcribed into cDNA using the High Capacity RNA kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). The obtained cDNA was amplified using the SYBR Premix Ex Taq kit (Takara Biotechnology Co., Ltd., Dalian, China) and a StepOnePlus Real-Time PCR (Applied Biosystems). Reaction mixture contained diethyl pyrocarbonate-treated water, primer, and SYBR-Green PCR Master Mix. The sequences of primer were designed by PrimerQuest (Integrated DNA Technologies, Inc., Coralville, IA, USA). The primer sequences are: HO-1 forward, 5'-CTC TTG GCT GGC TTC CTT-3' and reverse, 5'-GGC TCC TTC CTC CTT TCC-3'; and GAPDH forward, 5'-ACT TTG GTA TCG TGG AAG GAC T-3' and reverse, 5'-GTA GAG GCA GGG ATG ATG TTC T-3'. The thermal cycling conditions used were as follows: Pre-denaturation at 95˚C for 10 min, denaturation at 95˚C for 15 sec and annealing at 60˚C for 1 min. A total of 40 cycles were performed. The data was analyzed using StepOne software (version 2.3; Applied Biosystems; Thermo Fisher Scientific, Inc.), and the cycle number at the linear amplification threshold (quantification cycle; Cq) was recorded for the endogenous control gene and the target gene. Relative gene expression (target gene expression normalized to the expression of the endogenous control gene) was calculated using the comparative Cq method (2 -ΔΔCq ) (23) .
Statistical analysis. All data were expressed as the mean ± standard deviation from at least three independent experiments. To compare each experimental group, one-way analysis of variance was used followed by the Newman-Keuls post hoc test. Statistical analysis of all data was conducted using GraphPad Prism software (version 3.03; GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of acerogenin C on cytotoxicy induced by glutamate and ROS generation in hippocampal HT22 cells.
To verify the cytotoxic effects of acerogenin C (Fig. 1A) , its effect on the viability of HT22 cells was analyzed using the MTT assay. There were no significant effects at 1-50 µM acerogenin C; however, the viability notably decreased at 50 µM (Fig. 1B) . In addition, the neuroprotective effect of acerogenin C on HT22 cells against glutamate-associated cytotoxicity and ROS generation was investigated. To demonstrate the neuroprotective effect of acerogenin C, HT22 cells pretreated with different concentrations of acerogenin C (10, 20 and 40 µM) for 3 h and 5 mM glutamate for 12 h were subject to an MTT assay. The results demonstrated that the viability of 20 and 40 µM acerogenin C-treated cells was significantly increased compared with untreated cells (Fig. 2) . Trolox, well-known for its anti-oxidative effect, was used as a positive control and provided a notable cytoprotective effect at a concentration of 50 µM.
Effect of acerogenin C against cytotoxicy induced by glutamate via HO-1 in hippocampal HT22 cells. HO-1 expression serves a key cytoprotective role in HT22 cells. It catalyzes the oxygen-dependent degradation of heme, producing CO, free iron and bilirubin/biliverdin (7)
. Consequently, the HO-1 induced protective effect in HT22 cells was investigated. HO-1 mRNA expression was evaluated following treatment with acerogenin C. Cobalt protoporphyrin (CoPP) was used as a positive control. CoPP is a well-known HO-1 inducer. Treatment with cerogenin C increased HO-1 mRNA and protein expression in HT22 cells in a dose-dependent manner ( Fig. 3A and B) . Subsequently it was demonstrated that tin protoporphyrin XI (SnPP), a known inhibitor of HO-1 expression, and HO-1 siRNA significantly blocked the protective effect of acerogenin C (Fig. 3C) . These results suggest that HO-1 contributes to the cytoprotective effect of acerogenin C in HT22 cells.
Effect of acerogenin C on the nuclear translocation of Nrf2
in hippocamppal HT22 cells. The Nrf2/HO-1 pathway is important in the prevention of oxidative stress-induced damage. Under normal conditions, Nrf2 is located within cell cytoplasm. During oxidative stress, Nrf2 is phosphorylated and translocated into the nucleus, and binds to the specific ARE sequences (5, 6) . Therefore, the translocation of Nrf2 to nuclei in HT22 cells was observed. Cells were treated with acerogenin C for 0, 30, 60 and 120 min, and Nrf2 protein levels were detected by western blotting. Cytosolic Nrf2 levels were decreased; however, nuclear Nrf2 levels were increased following treatment with acerogenin C (Fig. 4A) . PNCA is widely used as a control in antibody validation of nuclear protein. In addition, the role of Nrf2 in HO-1 activity was analyzed using Nrf2 siRNA. Hippocampal HT22 cells were temporarily transfected with Nrf2 siRNA and were treated with acerogenin C to induce HO-1 activity. Nrf2 siRNA inhibited the nuclear translocation of Nrf2 and transient transfections with Nrf2 siRNA also eliminated the induction of HO-1 expression by acerogenin C (Fig. 4B) . These results demonstrated that HO-1 induction by acerogenin C is associated with the Nrf2 nuclear translocation pathway in HT22 cells.
Effect of acerogenin C on the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) pathway in the induction of HO-1 expression.
Multiple studies demonstrated that the PI3K/Akt pathway is associated with the expression of HO-1 (24) . Therefore, it was investigated whether acerogenin C induces expression of HO-1 via the PI3K/Akt signaling pathway. Following treatment with 40 µM acerogenin C, the levels of Akt were significantly increased (Fig. 5A) . In addition, treatment with LY294002, a known inhibitor of PI3K, abolishes HO-1 expression and cytoprotection by acerogenin C (Fig. 5B and C) . Therefore, acerogenin C-induced HO-1 expression is associated with the PI3K/Akt signaling pathway in HT22 cells.
Discussion
Since the beginning of medicine, humans have depended on chemical compounds taken from animals, plants and micro-organisms to cure diseases. These are referred to 'natural products'. Natural products have been the most useful sources of lead compounds in the development of drugs. The worth of these 'natural products' can be measured using three criteria: Their frequency of use in treatment; the number of chemicals of wide structural variety they contain; and the number of diseases they treat or prevent (25) . Neurodegeneration is typically caused when the neuron loses its ability to function properly and its structures, and includes neuron damage. These neurodegenerative processes can be the cause of a number of neurodegenerative diseases, including Parkinson's disease, AD and Huntington's disease. In particular, brain tissue is susceptible to oxidative stress as well as inflammation which may occur through physiological or pathological processes (26) . In previous studies, research was focused on the identification of different bioactive natural compounds, which regulate HO-1 specifically, and their molecular impression on neurodegenerative diseases (27, 28) . The hippocampus has a significant role in the formation of memory and spatial processing, as well as learning and pattern separation. An immortalized mouse hippocampal cell line, HT22, which resembles neuronal cells; however, lacks functional ionotropic glutamate receptors (29) . It is well known that high concentrations of glutamate do not activate glutamate receptors in these cells. HT22 cells are thus relevant to the independent study of oxidative glutamate toxicity (30) . In the present study, it was established that acerogenin C exhibits neuroprotective action against glutamate-induced cytotoxicity in HT22 cells. Acerogenin C repressed the generation of ROS induced by glutamate and glutamate-induced cell death in HT22 cells. Furthermore, the induction of HO-1 is involved in the cytoprotective effect of acerogenin C against oxidative stress induced by glutamate in HT22 cells (31) . Therefore, it was investigated whether acerogenin C stimulated HO-1 expression in a dose-dependent manner and suppressed the generation of ROS induced by glutamate. As a result, the cytoprotective effect of acerogenin C may be arbitrated by the induction of HO-1 expression.
The neuroprotective effect of acerogeninC in HT22 cells against cytotoxicity induced by glutamate was investigated. The results demonstrated that with acerogenin C (10-40 µM) for 12 h suppressed glutamate-induced cell death in a dose-dependent manner. In a previous study, expression of HO-1 appeared to serve important roles in the protection of neuronal cells (7) . Therefore, in the present study it was determined whether acerogenin C-induced HO-1 expression. In HT22 cells, acerogenin C increased HO-1 mRNA expression. To corroborate the cytoprotective effect associated with acerogenin C-mediated HO-1 expression, it was investigated whether the effect of acerogenin C-mediated HO-1 expression was reversed by pretreatment with an inhibitor (SnPP) of HO-1. Furthermore, it is well-known that Nrf2 initiates antioxidant protein expression, including HO-1. It was demonstrated that treatment with acerogenin C induces Nrf2 translocation to the nuclei in HT22 cells and an associated decrease in Nrf2. Nrf2 siRNA completely inhibited nuclear translocation. Furthermore, temporary transfection with Nrf2 siRNA inhibited induction of HO-1 expression by acerogenin C in HT22 cells. These results demonstrated that the upregulation of HO-1 caused by treatment with acerogenin C is associated with the Nrf2 nuclear translocation pathway in HT22 cells. In addition, it was investigated whether upstream signaling pathways, including PI3K/Akt, were involved in the regulation of HO-1 protein. Therefore, it was hypothesized that the mechanism by which acerogenin C defends against anti-oxidative injury is mediated by Nrf2.
Nrf2 exhibits neuroprotective effects and serves a key role in phase II detoxification. Nrf2 a cap'n'collar transcription factor that regulates the production of multiple anti-oxidative enzymes (32, 33) . Nrf2 exhibits protective action in different organs and tissues, including the brain, heart and liver (34) (35) (36) . Nrf2 activation attenuates ROS and inhibits glutamate-and H 2 O 2 -induced neurotoxicity to protect neuronal cells (6, 37) . Nrf2 is significantly required for inducible protein expression, including HO-1 expression (38) . In the present study, it was demonstrated that acerogenin C initiates Nrf2 translocation into the nucleus and suggested that Nrf2 performs a vital function in the induction of HO-1 by acerogenin C. PI3K/Akt signaling is associated with the regulation of HO-1 via the activation of the Nrf2 signaling pathway (39, 40) . Stimulation of the PI3K/Akt signaling pathway may be associated with acerogenin C-induced HO-1 expression.
In conclusion, it was demonstrated that glutamate-induced oxidative stress was decreased by acerogenin C. Acerogenin C also exhibits inhibitory effects on ROS production in HT22 cells. Pretreatment with acerogenin C and LY294002 led to decreased HO-1 expression in HT22 cells. Therefore, acerogenin C induced HO-1 expression via the Nrf2 and PI3K/Akt signaling pathways in HT22 cells. In conclusion, the present study indicates that acerogenin C may be a potential candidate in the treatment of different neurodegenerative diseases.
